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Abstract: Callovo-Oxfordian (COx) argillite obtained from the excavation of high-level radioactive waste geological 
disposal has been evaluated as an alternative sealing/backfill material in France. This paper presents an experimental 
investigation into the hydro-mechanical behaviour of compacted crushed COx argillite. A series of oedometer compressive 
tests including various loading-unloading cycles were conducted on COx argillite powders at different initial water contents. 
After reaching the desired dry density (2.0 Mg/m3), the vertical stress was reduced to different levels (7.0 and 0.5 MPa) and 
the compacted sample was then flooded under constant volume conditions while measuring the changes in the vertical stress. 
It was found that the initial water content significantly affects the compressive behaviour. The measured saturated hydraulic 
conductivity is less than 11010 m/s. 
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1  Introduction  
Deep argillaceous formations are considered as 
potential host rock for radioactive waste disposal in 
many countries such as Belgium, Germany, France, 
Japan, and Switzerland, etc.. A better knowledge of the 
clay properties in the domain concerned by the 
construction feasibility, the exploitation phase of the 
repository facilities, as well as the long-term evolution 
of waste in its environment, is therefore of crucial 
importance in assessing the performance and safety of 
the radioactive waste disposal concepts [1]. 
In France, ANDRA (the French National Radio- 
active Waste Management Agency) has constructed an 
underground research laboratory (URL) at Bure site 
(northeastern France, 445–490 m underground) to 
study the suitability of the Callovo-Oxfordian (COx) 
argillaceous formation for disposal of high-level 
radioactive waste. Unlike the current popular design, 
the excavated COx argillite has been proposed as a 
possible subsequent sealing material so as to isolate 
the waste canisters from the concrete plug and access 
galleries. This design presents the following advantages: 
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(1) avoiding the potential environmental risks by 
recycling an amount of excavated COx argillite, (2) 
saving cost by replacing commercial bentonite, and (3) 
advantaged compatibility in system because of the 
same mineralogical and chemical compositions with 
host rock. 
Commonly, sealing materials are initially compacted 
at unsaturated state, and they will be unconfined only 
in the outer part of the barrier, where a void exists 
between compacted blocks and host rock. Hydration 
will proceed by drawing water from host rock, and the 
clay will expand and develop swelling pressure. To 
properly ensure the sealing function and effectiveness 
of COx argillite, it must possess satisfactory swelling 
properties (minimum swelling pressure or swelling 
potential). Furthermore, these swelling properties must 
be compatible with the in-situ state of stress, and the 
swelling pressure should not be higher than the in-situ 
minor principal stress (about 7 MPa) so as to ensure 
the mechanical stability of the system.  
The present work is devoted to the investigation 
into the compression and hydro-mechanical properties 
of heavily compacted crushed COx argillite from Bure 
URL. Two powders with different initial water 
contents were used. For each powder, the swelling 
index was determined at various densities by running 
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unloading-reloading test in the oedometer, and the 
swelling properties were studied by wetting the soil 
under two different vertical stress levels: lower 
vertical stress level (0.5 MPa) was applied to simulate 
the apparent unconfined condition, while higher stress 
level (7.0 MPa) was applied to simulate the in-situ 
stress state of host rock. The permeability was also 
determined after the sample was fully saturated. 
 
2  Material and experimental method 
 
2.1 Studied soil  
The soil used was obtained from extracted COx 
argillite taken from ANDRA URL of Bure at a depth 
of about 490 m. The COx argillite has been deeply 
investigated as a potential host rock for high-level 
radioactive waste storage because of its favourable 
properties: extremely low permeability, small molecular 
diffusion, good retention properties, high mechanical 
strength, as well as good drillability. COx argillite 
contains 40%–45% clay minerals (illite-smectite 
interstratified minerals being the dominant clay 
minerals), 20%–30% carbonates, and 20%–30% 
quartz and feldspar. The specific gravity is 2.70 [2, 3].  
The COx argillite obtained was air-dried (w = 2.4%) 
and crushed to powder. The aggregate size distribution 
after being crushed determined by dry sieving is 
presented in Fig.1. Nevertheless, when determining 
the particle size distribution, the powder had been 
soaked with distilled water for 24 hours, and the curve 
is also presented in Fig.1. It can be seen from the 
aggregate size distribution curve that the maximal size 
of aggregate is 0.25 mm. The powder contains 69% 
fine grains (< 0.08 mm). The particle size distribution 
curve shows that the used COx argillite powder 
contains about 35% clay mineral (< 0.002 mm), and 
more than 98% particle size is less than 0.08 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Grain size distribution of crushed COx argillite. 
To obtain another water content, a quantity of air- 
dried COx powder was put in a hermetic chamber, 
where the relative humidity was maintained at 91.3% 
(it corresponds to a suction value of 12.6 MPa) by 
allowing vapour circulation of saturated ZnSO4·7H2O 
solution. After equilibrium was reached, the water 
content of powder increased from 2.4% to 7.2%. 
2.2 Test device 
Figure 2 presents the employed uniaxial com- 
pression test apparatus. During compaction, an 
increasing axial force was gradually applied to the 
powder placed in a rigid oedometer cell (50 mm in 
internal diameter), until a specified final volume or 
dry density was achieved. The force was applied by 
using a strain-controlled compression and measured 
by a load cell fixed on the top cross beam, as seen in 
Fig.2. The volumetric deformation and axial displace- 
ment in the test were monitored by an electronic gauge 
fixed on the piston. A volume/pressure controller 
(VPC) was connected to the bottom of the oedometer 
cell so as to apply a constant water pressure to saturate 
the soil sample. During the test, all data (axial force, 
axial displacement, water pressure and injected water 
volume) were recorded by the data logger. 
 
 
Fig.2 Picture of the uniaxial compression test device. 
 
2.3 Experimental procedure 
The target dry density was 2.0 Mg/m3, and the 
sample was compacted by increasing the displacement 
shaft at a constant rate of 0.05 mm/min to the 
predetermined final height of 20 mm. The detailed 
procedure is described as follows: 
(1) The inner wall of the oedometer cell was coated 
with grease in order to minimize the friction between 
the powder and the ring, and then a filter paper was 
put on the bottom of the cell. 
(2) The desired mass of powder was placed in the 
oedometer ring and firstly compacted to a height 
corresponding to the initial dry density d =1.5 Mg/m3. 
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After that, four loading-unloading cycles were applied 
at d = 1.7, 1.8, 1.9 and 2.0 Mg/m3. At the end of each 
loading/unloading process, the displacement shaft was 
temporarily fixed till there was no change in axial 
stress after 30 min. All the unloading process was 
ended at an axial stress of 0.5 MPa except the fourth 
unloading for some samples, which was ended at an 
axial stress of 7.0 MPa. This value was close to the 
in-situ pressure (at 490 m depth). 
(3) Once the axial stress was stable, saturation was 
started by giving the VPC a constant pressure, and 
water was injected into sample from the bottom of the 
oedometer cell. 
(4) Finally the hydraulic conductivity was deter- 
mined. 
Four tests were performed in this investigation 
following the procedure presented above: the tests A-1 
and A-2 were carried out on the air-dried powder with 
low water content (w=2.4%), and the tests W-1 and 
W-2 were accomplished on the wetted powder with 
high water content (w=7.2%). 
 
3  Experimental results 
 
The applied axial stress to reach each dry density 
during compression of powder is shown in Fig.3. With 
increasing dry density, the applied axial stress increases 
exponentially. The precompression stress that corres- 
ponds to the pressure required to obtain the initial dry 
density of 1.5 Mg/m3 is lower than 1.1 MPa for wetted 
powder while that for air-dried powder is close to 2 
MPa. Axial stress required to reach final dry density of 
2.0 Mg/m3 for wetted powder is about 19 MPa in the 
tests W-1 and W-2, significantly lower than that for 
air-dried powder (47 MPa for test A-1, and 39 MPa for 
test A-2).  
 
 
 
 
 
 
 
 
 
 
Fig.3 Relationships between axial stress and dry density during 
compression. 
 
In Fig.4, the results of the four tests are presented in 
the plot of void ratio versus axial stress. It can be seen 
that the compression curves are similar for each group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Relationships between void ratio and axial stress during 
compression. 
 
of powder. The curves of tests A-1 and A-2 lay on 
right side of curves of tests W-1 and W-2. During 
loading, a good linear relationship can be observed 
between void ratio and the applied axial stress. The 
slope of the loading curve corresponds to the 
compression index at initial water content Ccwi , The 
value of Ccwi of air-dried powder is equal to 0.316 for 
test A-1 and 0.317 for test A-2. Larger values of Ccwi 
were obtained for wetted powder, which are 0.374 for 
test W-1 and 0.380 for test W-2. 
By calculating the average slope of unloading curve 
at each dry density, the swelling index at initial water 
content, Cswi, was determined and summarized in Table 1. 
It shows that the value of Cswi increases with dry 
density, and the air-dried powder generally possesses 
higher Cswi than the wetted powder. 
 
Table 1 Swelling index at initial water content of soil samples 
at different dry densities. 
Test  
Water 
content 
(%) 
Swelling index  
d = 1.7 
Mg/m3 
d = 1.8 
Mg/m3 
d = 1.9 
Mg/m3 
d = 2.0 
Mg/m3 
A-1 2.4 0.008 3 0.009 4 0.010 1 0.013 6 
A-2 2.4 0.009 2 0.011 0.012 4 0.013 1 
W-1 7.2 0.006 0.007 6 0.009 4 0.010 6 
W-2 7.2 0.004 4 0.005 5 0.006 9 0.006 2 
 
After the final dry density of 2.0 Mg/m3 was 
reached, the axial stress was unloaded to 7.0 or 0.5 
MPa, the displacement shaft was then fixed. By using 
the connected VPC, distilled water was injected at a 
pressure of 100 kPa to saturate the sample in the 
oedometer cell. Figure 5 presents the results of 
experiments, in which the samples were saturated 
under high initial axial stress (7.6 MPa for test A-1 
and 7.3 MPa for test W-1). The behaviour revealed by 
the two tests during saturation is similar: axial stress 
decreases first, then increases and finally decreases to 
reach the equilibrium values of 7.3 and 6.9 MPa,  
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Fig.5 Changes of axial stress and void ratio of samples 
saturated under 7.0 MPa axial stress. 
 
respectively. The change of void ratio is very small 
and can be neglected. 
Figure 6 shows the changes of axial stress and void 
ratio when the sample was saturated at initial low axial 
stress of 0.5 MPa. During saturation, it was found that 
the sample volume increased slightly even though the 
displacement shaft was fixed to ensure “constant 
volume condition”. This may be due to the deforma- 
bility of the system (connection between the load cell 
and the piston, the base of the oedometer cell, etc., see 
Fig.2). Therefore, additional load was applied to 
reduce the sample height to initial value. It can be seen 
from Fig.6 that the saturation process results in an 
evident increase of axial stress. The final equilibrium 
axial stresses of tests A-2 and W-2 are 5.1 and 5.7 
MPa, respectively. Compared with tests A-1 and W-1, 
samples saturated under a higher initial axial stress 
show a higher final equilibrium axial stress.     
  
Fig.6 Changes of axial stress and void ratio of samples 
saturated under 0.5 MPa axial stress. 
 
During the saturation process, a 100 kPa water pressure 
was applied with the volume/pressure controller. 
Based on the recorded injected water volume and the 
corresponding elapsed time, it is found that at least 20 
hours were necessary to achieve permanent water flow 
to the compacted sample. After the sample was fully 
saturated, the data of the last 24 hours were adopted to 
estimate the hydraulic conductivity. The obtained 
results are as follows: 6.681012 m/s for test A-1, 
2.351011 m/s for test A-2, 2.131012 m/s for test 
W-1, and 3.171011 m/s for test W-2. 
 
4  Discussions 
 
Soil compressibility is defined as the resistance 
against volume decrease when the soil is subjected to 
a mechanical load. It is usually described by the shape 
of the compression curve. The essence of soil com- 
pressibility is due to mechanical (deformation, reori- 
enttation and sliding of particles or domains with 
respect to one another, expulsion of pore fluid, etc.) 
and physico-chemical factors (mineral composition 
and type of exchangeable cations) [4].  
To characterize the compression behaviour of soil, 
the compressive index as a very important parameter 
is usually employed. Many researches have indicated 
that the compressive index is influenced by several 
factors: initial void ratio, dry unit weight, temperature, 
suction, soil structure, etc. [5–7]. However, water 
content is widely recognized as a determinant factor of 
soil compressibility [8, 9]. In addition, Tarantino and 
De Col [10] pointed out that compaction water content 
has a significant influence on the subsequent 
mechanical and hydraulic behaviour of compacted soil. 
Wheeler and Sivakumar [11] indicated that 
compaction water content significantly influences the 
initial soil state and the position of normal 
compression lines. Therefore, in nuclear waste 
disposal, the initial compaction water content of 
sealing material may play an important role in the 
long-term security and stability of repository. 
Therefore, as a potential sealing material, crushed 
COx argillite, its mechanical and hydraulic behaviour 
at different water contents should be well studied. The 
results of the oedometer tests carried out in this 
investigation showed that the compressive characteristics 
of crushed COx argillite were significantly affected by 
initial water content. To obtain the same dry density, 
the air-dried powder needs much higher compaction 
load than wetted powder. Because the shear resistance 
between particles and soil structure stiffness was 
weakened by the increasing water content, it led to a 
consequent reduction in the soil load support capacity. 
During compression, the particles in wetted powder 
can easily rearrange themselves, which results in a 
decrease of pore size diameter. As a result, the wetted 
powder has a higher compressive index than the 
air-dried powder. Similar behaviour was also observed 
by Larson et al. [12, 13]. Therefore, it can be deduced 
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that more volumetic deformation will occur under host 
rock pressure if the sealing material is compacted at 
higher initial water content.  
After pressure release, the sample will rebound or 
swell. Swelling index, which is determined from the 
unloading curve, is an important parameter to estimate 
the rebound behaviour of soil matrix. The results in 
Table 1 show that the swelling indexes increase with 
soil dry density. In other words, rebound or swelling is 
generally associated with the pre-compaction stress. A 
high pressure yields a high rebound level. This is 
compatible with the results obtained by Perdok et al. [14]. 
As the soil is compressed at a low stress, the 
volumetric deformation is mainly attributed to sliding 
of the particles. This process is irreversible. With 
increasing compaction load, the aggregates may 
develop elastic deformation or pore fluid may be 
expulsed, this part of deformation will rebound after 
pressure release.  
It is observed that the initial water content does not 
significantly affect the swelling potential, which 
depends on the actual stress level applied to samples. 
During saturation, the initial low axial stress induces 
obvious swelling phenomenon, and the initial high 
axial stress causes collapse behaviour. The final 
equilibrium axial stress increases with increasing 
stress level applied to samples. Similar observations 
were also made by Hoffmann et al. [15]. These 
changes in swelling pressure of compacted expansive 
soils upon wetting can be explained using the 
double-structure model described by Gens, Alonso [16] 
and Alonso et al. [17]. 
 
5  Conclusions 
 
Compacted crushed COx argillite is considered as a 
possible sealing material in deep radioactive waste 
disposal. Some aspects of the hydro-mechanical 
behaviour of compacted samples with different water 
contents were investigated by conducting one- 
dimensional oedometer tests. The compressive behaviour 
of the crushed COx argillite is significantly influenced 
by the initial water content. Higher stresses are needed 
for the lower water content powder, and the increasing 
water content results in an increase of compressive 
index. In addition, the swelling index at initial water 
content increases with the dry density. The hydraulic 
response during saturation is not significantly affected 
by the initial water content, but depends on the applied 
initial stress levels. Saturation at a low initial axial 
stress (about 0.4 MPa) induces a swelling pressure of 
5.1–5.7 MPa. At a high initial axial stress (about 7.5 
MPa), saturation results in a slight decrease of axial 
stress that finally stabilized at 6.9–7.3 MPa. After a 
dry density 2.0 Mg/m3 is reached, the measured 
saturated hydraulic conductivity is low, less than 1 
1010 m/s. 
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